poor hydrothermal fluids that exit "black smoker" and "white smoker" chimneys are formed through interactions of seawater with oceanic crust. These interactions (1) modify the composition of oceanic crust, (2) affect ocean chemistry, (3) form metal-rich deposits (possible analogs to ore deposits present on land), and (4) provide energy sources for biological communities in the deep sea.
The discovery of seafloor vents was a result of a number of factors. It came about in part through hypothesis-driven inquiry, which predicted that hydrothermal activity at midocean ridges is a logical outgrowth of plate-tectonic theory. Measurements of heat flow near ridge crests showed scattered values, with many significantly lower than values predicted for cooling of newly emplaced oceanic crust by conduction alone, consistent with transport of heat near ridge crests via convection of fluid (e.g., Talwani et al., 1971) . Technological advances that allowed deep diving in occupied submersibles also played a role, allowing views of the seafloor at the scale needed to observe and sample active vents. But there were also aspects of exploration and serendipity involved. While those on the 1977 vent-discovery cruise had predicted the presence of warm fluids, they had not foreseen the unusual biological communities that were found to thrive in these environments (Corliss et al., 1979) . And while some had anticipated the eventual discovery of high-temperature fluids and metal-rich deposits based on studies of fossil deposits uplifted and exposed on land (see review by Skinner, 1983) , the expectation was that these might be the exception, not the rule.
Thirty years later, we now know the role these systems play in transferring mass and energy from the crust and mantle to the oceans. Hydrothermal circulation has proven to be an important sink for Mg and a source for other elements such as Fe, Mn, Li, Rb, and Cs; thus it affects ocean chemistry (Von Damm et al., 1985) . Analogs for ore deposits have been discovered, as have unusual biological communities (see Fisher et al., this issue) . Compilations of global data demonstrate that, in general, the heat flux from venting along sections of midocean ridges is roughly proportional to spreading rate (though at ultraslow-spreading ridges, estimates of heat flux based on plume incidence fall off of this trend, and are significantly greater than predicted [Baker et al., 1995 [Baker et al., , 2004 ). Investigations of individual vent fields along fast-, medium-, and slowspreading ridges, however, have produced the less-intuitive observation that the largest individual vent deposits tend to be found on slower-spreading ridges . Through comparisons of systems in different tectonic settings, in substrates of different compositions, and at different depths in the ocean (Figure 1 ), coupled with data from laboratory and theoretical experiments, significant progress has been made in understanding the factors that control vent-fluid and deposit composition (e.g., see recent reviews by German and Von Damm [2004] and Hannington et al. [2005] ).
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This article has been published in Oceanography, Volume 20, Number 1, a quarterly journal of The oceanography Society. copyright 2007 by The oceanography Society. all rights reserved. permission is granted to copy this article for use in teaching and research. republication, systemmatic reproduction, or collective redistirbution of any portion of this article by photocopy machine, reposting, or other means is permitted only with the approval of The oceanography Society. Send all correspondence to: info@tos.org or Th e oceanography Society, po Box 1931 , rockville, MD 20849-1931 Figure 1. Known sites of hydrothermal venting along mid-ocean ridges, in back-arc basins, rifted arcs, and at submerged island-arc volcanoes (red), and areas of activity as indicated by mid-water chemical anomalies (yellow) . epr= east pacific rise. taG= trans atlantic Geotraverse, MeF = Main endeavour Field, and Gr-14 = Sea cliff hydrothermal field on the northern Gorda ridge. Figure  after Baker et al., 1995; German and Von Damm, 2004; Hannington et al., 2005; Koschinsky et al., 2006 Oceanography March 2007 51 By comparing the fluids and deposits formed in distinct geologic and tectonic settings, it is possible to examine the role that specific factors play in determining fluid composition ... and mineral deposit size, shape, and composition ... tem within oceanic crust showing the different components and processes that can affect the composition of the fluid that vents at the seafloor (e.g., initial fluid composition, substrate composition, permeability structure of the substrate, and geometry and nature of heat source, all of which contribute to the temperatures and pressures at which reactions occur). (b) elaboration of the processes that contribute to formation of midocean ridge vent fluids. as seawater penetrates down into the crust, basaltic glass, olivine, and plagioclase are altered to ferric micas, smectite, and Fe-oxyhydroxides at low temperatures (40°c-60°c). as the modified fluid penetrates deeper into the crust and is heated to higher temperatures, precipitation of smectite and chlorite results in removal of Mg from the fluid in exchange for ca 2+ , H + , and Na + . ca 2+ and So 4 = are lost from the fluid as anhydrite (caSo 4 ) precipitates at temperatures greater than 150°c. Deeper in the system, anorthite is altered to albite, a process called albitization, with Na and Si being added to the crust in exchange for ca, which is released from the rock into the fluid. The sum of these reactions results in a fluid that is slightly acid, anoxic, alkali-rich, and Mg-poor relative to seawater. This fluid then leaches S and metals from the rock. Volatiles from magma (He, co 2 , cH 4 , H 2 ) may be added, further modifying the fluid composition. Further fluid modification can occur from separation of the fluid into a low-salinity, vapor-rich phase and a brine phase if the temperatures and pressures exceed those of the boiling curve. lastly, as the hot, buoyant fluids rise rapidly to the seafloor, there may be some equilibration, with minor amounts of precipitation and/or dissolution of sulfide phases as the fluid rises. Quartz becomes saturated, but does not precipitate due to kinetic barriers. close to the seafloor, the fluid may exit directly into the ocean, or be modified in the subsurface if seawater is entrained in the vicinity of the vents. deepest portions of the circulation system (the "root" or "reaction" zone), and lastly as the hot, buoyant fluid rises rapidly through the "up-flow" zone to exit at the seafloor (Alt, 1995) (Figure 2b ). ture and pressure exceed those of the boiling curve for seawater (Figure 3b) , the fluid will separate into a low-salinity, vapor-rich phase and a brine phase.
During this partitioning, volatiles (e.g., H 2 S) partition preferentially into the vapor-rich phase (Von Damm, 1995) .
Most vent fluids exhibit a chloride composition either significantly greater or less than that of seawater, which is consistent with phase separation being the rule rather than the exception (e.g., Von
Damm, 1995) ( Table 1) . The large differences in chloride also affect metal contents as most metal ions are carried in the fluid at high temperatures as chloride complexes (e.g., FeCl 2 (aq)) (Helgeson et al., 1981) . Evidence of phase separation is also found in the rock record, where small amounts of fluids trapped in minerals as fluid inclusions exhibit salinities both greater and less than seawater (e.g., Delaney et al., 1987; Vanko 1988; Kelley et al., 1993 (Alt, 1995 to form sulfuric acid (e.g., Gamo et al., 1997) . Some of these back-arc-and arcrelated magmatic fluids may also contribute metals to the hydrothermal system (e.g., Cu, Zn, Fe, As, Au) (Ishibashi and Urabe, 1995; Yang and Scott, 1996; Hannington et al., 2005) . Mg, mmol/kg 0 0 0 < 1 0 53
Data from Von Damm et al., 1985; Welhan and craig, 1983; German and Von Damm, 2003; trefry et al., 1994; ishibashi and urabe, 1995; Jeffrey S. Seewald, Woods Hole oceanographic institution, pers. comm., 2006; Douville et al., 2002; Kelley et al., 2001 Kelley et al., , 2005 proskurowski et al., 2006. fluid does not attain equilibrium with the surrounding rock during ascent, though there may be some equilibration (e.g., of Si, H 2 (aq), Cu) (Von Damm, 1995; Ding and Seyfried, 1994) (Hajash and Chandler, 1981) . Fluids sampled at vent fields hosted in andesite show elevated trace metals (e.g., Zn, Cd, Pb, As) (Fouquet et al., 1993a) (Table 1) Koski et al., 1994) . In contrast to black smoker chimneys, these spires often lack anhydrite, consistent with a lack of entrained seawater sulfate. Flow is through narrow, anastomosing conduits that seal with time, resulting in flow being diverted horizontally (Fouquet et al., 1993b; Koski et al., 1994; Tivey et al., 1995) . Differences between these zinc- (a) an east pacific rise (epr) vent site showing tall spires topped by black smoker chimneys. total accumulation of mass at each vent site is low likely due to hot fluids passing through the structure into the plume above, coupled with eruption frequency that can bury deposits (based on photographs and data from Ferrini et al., in press) . (b) a steepsided structure from the Main endeavour Field (MeF) of the Juan de Fuca ridge (after Hannington et al., 1995, and Sarrazin et al., 1997) that forms from deposition of minerals from a fluid that has a higher pH at temperatures less than 300°c due to the presence of ammonia in the fluid (tivey et al., 1999) . The entire MeF includes ~ 15 structures and covers an area of ~ 400 x 200 m (Delaney et al., 1992) . it has also been proposed that the steep-sided endeavour structures are underlain by pipelike stockworks, with intense silicification of the alteration pipes sealing the stockwork, preventing entrainment of seawater . The presence of higher-pH fluids provides an explanation for the silicification (tivey et al., 1999) .
(c) The trans atlantic Geotraverse (taG) active hydrothermal mound is forming from vigorous venting through the black smoker, combined with significant entrainment of seawater into and beneath the mound. This process triggers: deposition of pyrite, chalcopyrite and anhydrite; generation of a more acidic fluid; and remobilization of Zn and other trace metals, which are then deposited at the outer edges and on the upper surface of the mound (after Humphris and Tivey, 2000) .
The very large size compared to structures from the epr and MeF result from a combination of efficient mineral deposition because of seawater entrainment, and recurrence of hydrothermal activity at this same location over a period of 20,000 to 50,000 years. examples of portions of structures outlined by green boxes are shown in Figure 5 . , and a schematic drawing of the cross section across an east pacific rise diffusely venting spire that is composed of an inner, very porous zone of pyrrhotite (Fe 1-x S), wurtzite (Zn,Fe)S, and cubanite (cuFe 2 S 3 ); a less-porous midlayer of wurtzite, pyrite (FeS 2 ) and chalcopyrite (cuFeS 2 ); and an outer layer of marcasite (FeS 2 ) (after Kormas et al., 2006) . ( Thompson, WHOI) . textures of recovered crust samples indicate that much hotter fluid is pooled beneath these crusts within the mound and that the hot fluids percolate upward through cracks. (e) photograph of lowpH fluids (pH < 1-2) venting from the sides of the flank of the North Su vent field in the eastern Manus Basin, taken on Jason Dive 221 (courtesy of J. Seewald, WHOI) . it has been proposed that the very low pH results from input of magmatic volatiles (e.g., Gamo et al., 1997) . form a large, buoyant black plume (Rona et al., 1986) (Figure 4c) . The large size results in part from significant seawater entrainment into the mound, which triggers precipitation of anhydrite, chalcopyrite, and pyrite within the mound, and remobilization of metals (Edmond et al., 1995; Tivey et al., 1995) . The large size also reflects the age of the deposit and its formation from repeated episodes of hydrothermal activity over the last 20,000 to 50,000 years (Lalou et al., 1995) . Recovery of rock core by the Ocean Drilling Program exposed a sequence of pyrite, anhydrite, silica, and chloritized basalt breccias and stockwork beneath the mound . All fluids exiting the mound, including lower-temperature diffuse fluids, higher-temperature white smoker fluids, and diffuse fluids exiting sulfide-rich crusts on the upper tiers of the mound (Figure 5d ), are related through mixing, subsurface deposition, and remobilization (Edmond et al., 1995; James and Elderfield, 1996) . This deposit has been noted as an excellent analog of a Cyprus-type massive sulfide deposit (Hannington et al., 1998) .
Deposits in Back-arc Basins, Submerged island-arc Volcanoes, and rifted arcs and galena (PbS) relative to mid-ocean ridge deposits (Fouquet et al., 1993a) . At the Brothers volcano in the Kermadec island arc, located at a water depth of 1600 m, active black smokers and massive sulfide deposits are present on the caldera wall, as are sulfur-rich fumaroles and very-low-pH vent fluids (de Ronde et al., 2005) . At the PACMANUS vent area on Pual Ridge in the eastern Manus Basin, sulfide deposits are enriched in Au, Ag, Pb, As, Sb, and Ba relative to mid-ocean ridge deposits (Scott and Binns, 1995; Moss and Scott, 2001; Binns et al., 2002) . At the DESMOS caldera, farther east in the Manus Basin, advanced argillic alteration of the lavas is observed (i.e., alteration of igneous rocks to alunite (KAl 3 (SO 4 ) 2 (OH) 6 ), aluminum-rich clay, and quartz ± pyrite), proposed to result from alteration by acidsulfate fluids; vent fluids with extremely low pH (as low as 0.87) are also present (Gamo et al., 1997; Seewald et al., 2006) .
The differences and similarities observed in the composition of deposits present in back-arc basins, rifted arcs, and submerged island-arc volcanoes can be attributed to a number of factors, including the composition of the substrate (basalt, andesite, rhyolite, dacite), the contribution of magmatic volatiles to the hydrothermal system, and the depth and structure of the substrate.
However, because many of these factors co-vary with one another, it is difficult to determine which is most responsible for observed differences in deposits. For example, deposits hosted in basalt in back-arc basins (e.g., in the northern Lau Basin and in the Manus Basin) are most similar in composition and structure to mid-ocean ridge deposits; these deposits, however, are also present in water depths most similar to those observed at mid-ocean ridges (e.g., Bortnikov et al., 1993; Hannington et al., 2005) . In contrast, deposits hosted in andesite, rhyo- Hannington et al., 2005) . These deposits, however, are also located in shallower water depths, and low-pH fluids at these sites suggest the addition of magmatic volatiles (e.g., SO 2 ) (see reviews by Urabe, 1995 and Hannington et al., 2005) . So, while the observed metal enrichments in deposits (e.g., of Zn, Pb, As, Sb, Ag, Au, and Ba) are attributed to vent fluids being enriched in these elements from reaction of seawater with rocks that are richer in silica and water (e.g., Fouquet et al., 1993a; Scott and Binns, 1995) , the enrichments are also thought to result from input of magmatic volatiles into these systems, such as SO 2 , which results in a more acidic hydrothermal fluid that can mobilize more metals (Figure 5e ) (e.g., Douville et al., 1999; Gamo et al., 1997 (Yang and Scott, 1996) .
In addition, high concentrations of Au and As in back-arc and arc-related massive sulfide deposits have been proposed to reflect magmatic input, given the extreme enrichments in deposits relative to host rocks, and that such enrichments are unlikely to occur solely from leaching from host rocks (Ishibashi and Urabe, 1995; Hannington et al., 2005) . calcite-rich "lost city" type Deposits reFereNce S
